Heterostructures of atomically thin van der Waals bonded monolayers have opened a unique platform to engineer Coulomb correlations, shaping excitonic [1] [2] [3] , Mott insulating 4 , or superconducting phases 5, 6 . In transition metal dichalcogenide heterostructures 7 , electrons and holes residing in different monolayers can bind into spatially indirect excitons 1, 3, [8] [9] [10] [11] with a strong potential for optoelectronics 11, 12 , valleytronics 1, 3, 13 , Bose condensation 14 , superfluidity 14, 15 , and moiré-induced nanodot lattices 16 . Yet these ideas require a microscopic understanding of the formation, dissociation, and thermalization dynamics of correlations including ultrafast phase transitions. Here we introduce a direct ultrafast access to Coulomb correlations between monolayers; phase-locked mid-infrared pulses allow us to measure the binding energy of interlayer excitons in WSe2/WS2 hetero-bilayers by revealing a novel 1s-2p resonance, explained by a fully quantum mechanical model. Furthermore, we trace, with subcycle time resolution, the transformation of an exciton gas photogenerated in the WSe2 layer directly into interlayer excitons. Depending on the stacking angle, intra-and interlayer species coexist on picosecond scales and the 1s-2p resonance becomes renormalized. Our work provides a direct measurement of the binding energy of interlayer excitons and opens the possibility to trace and control correlations in novel artificial materials. . Owing to their proximity, electron-hole (e-h) pairs in adjacent monolayers are still subject to strong mutual Coulomb attraction. Interband photoluminescence combined with theory has, indeed, provided evidence of interlayer excitons 8, [21] [22] [23] . Because the composite electron and hole wavefunctions overlap only weakly in space, these excitons are long lived -a key asset for future applications 1, 3, [14] [15] [16] 24 .
substrate (see Methods). In a first sample, monolayers of WSe2 and WS2 overlap in a large patch (Fig.   1b ) of a diameter of ~80 µm with a stacking angle of (see Methods). In the overlap area, the photoluminescence at the 1s A exciton lines of the bare monolayers is quenched (Fig. 1c) , attesting to a good contact between the monolayers. We also prepared a reference monolayer of WSe2 on a diamond substrate, covered with hexagonal boron nitride (hBN) (Supplementary Fig. S1a ). This structure features a spatially uniform photoluminescence of the WSe2 1s A exciton ( Supplementary Fig. S1b ).
We first prove that MIR probing can unequivocally distinguish between spatially direct and indirect excitons. A 100-fs near-infrared (NIR) pump pulse, centred at a photon energy of 1.67 eV (Supplementary Fig. S2a ) resonantly injects 1s A excitons in the WSe2 monolayer (Fig. 1d ). Since this energy lies well below the lowest interband resonance of WS2 and hBN, we do not directly excite these materials. After a variable delay time tpp, a phase-locked few-cycle MIR pulse ( through the sample. The interaction with the photoinjected e-h pairs imparts a characteristic change on the amplitude and the phase of the MIR waveform, which we directly record by electro-optic sampling 19, 20, [25] [26] [27] [28] . A Fourier transform and a Fresnel analysis allow us to extract the full dielectric response of the non-equilibrium system 25,26 (see Methods). The pump-induced changes of the real parts of the optical conductivity 1, and of the dielectric function 1, describe the absorptive and the in-( Fig. 2c ) and a dispersive feature in 1 (Fig. 2d ) at an energy of 67 ± 6 meV dominate the response.
This signature, which is spectrally far below the known internal 1s-2p resonances of intralayer excitons (see Methods) and far above the phonon frequencies of the TMD materials used here (see Supplementary   Fig. S2d ), is characteristic of interlayer excitons as shown next.
Owing to the type-I band alignment between WSe2 and hBN ( Fig. 2b, inset) , excitons photoinjected in the reference sample remain within WSe2 20 . The staggered band alignment in the WSe2/WS2 bilayer ( Fig. 2d, inset ), in contrast, should enable interlayer electron tunnelling 29 . This process competes with the radiative recombination of the intralayer excitons 19 , quenching the photoluminescence of the WSe2 monolayer 8 ( Fig. 1c) . The Coulomb attraction between electrons and holes remains strong even if they are spatially separated in neighbouring monolayers. The eigenenergies and wavefunctions φ of the bound states are obtained by solving the Wannier equation
Here μ is the reduced mass, and the effective 2D Coulomb potential is derived by generalizing the sets on sharply at tpp = 0 ps. Only 100 fs later, a broad maximum at an energy of ~150 meV indicates the presence of intralayer excitons in WSe2. Already at this time, a broad shoulder at ~67 meV attests to the formation of interlayer excitons. Within the subsequent 100 fs, the spectral weight shifts from the intra-to the interlayer resonance, as seen at tpp = 0.2 ps. Subsequently, the intralayer resonance disappears completely while the spectral weight of the interlayer exciton resonance continues to grow until tpp = 5.1 ps. This dynamics is faithfully reproduced by a microscopic model (Fig. 3c ) based on the density matrix formalism discussed in more detail below (see also Methods). Our experimental data, thus, directly resolve the transformation of intralayer excitons into interlayer bound states in the time domain. For tpp > 5.1 ps, 1 decreases as the interlayer exciton population decays (Fig. 3a) .
Intriguingly, the exciton resonance is blue-shifted by ~20 meV, at tpp = 50 ps.
To test the influence of the stacking angle, we repeat the pump-probe experiment under identical conditions with a comparable WSe2/WS2 bilayer featuring 27°  (see Supplementary Fig. S1c,d ).
The dynamics of 1 ( For a quantitative discussion, we fit the MIR response with a phenomenological three-fluid model, which accounts for the two Lorentzian resonances of inter-and intralayer 1s-2p transitions and includes a contribution of excited interlayer exciton states discussed below (see also Methods). The energies and dipole moments of the exciton resonances are adopted from the above theory whereas the inter-and intralayer exciton densities, ninter and nintra, as well as the spectral weight of the excited interlayer exciton states are freely varied. The requirement to simultaneously reproduce the spectra of both 1 and 1 (Fig. 3a,b and Supplementary Fig. S4b ,c,e,f) sets narrow boundaries for acceptable exciton densities (Fig. 4a,b) . We observe that nintra (Fig. 4a ) peaks right after the pump pulse, at tpp = 100 fs, for both heterostructures. The subsequent decay, however, is significantly slower in the strongly twisted bilayer (27°) than for 5°, where a notable decay occurs within less than 0.2 ps. Furthermore, the maximum of nintra is larger for 27°, even though the pump fluence is identical in both structures. This confirms that, for  = 5°, tunnelling into the WS2 layer occurs on the same timescale as photogeneration of intralayer excitons. Accordingly, ninter (Fig. 4b) To model this scenario, we compute the temporal evolution of incoherent exciton densities for intra-and interlayer populations, including tunnelling, phonon scattering, radiative decay, non-radiative decay and intra-excitonic relaxation (see Methods). These simulations reproduce the spectral shape and the temporal evolution of 1 (Fig. 3c) as well as the dynamics of the intra-and interlayer exciton density, for = and , at all tpp psFig. 4a,b, solid/dashed curves. Interestingly, direct tunnelling into the 1s interlayer state is the most efficient quantum channel with a branching ratio of 54% (see Methods) .
Moreover, our model shows that the measurable difference of interlayer tunnelling rates of   (200 fs  at =5° and  (1.2 ps  at =27° is primarily caused by the momentum offset of inter-and intralayer exciton dispersions (see Methods).
Apart from the ultrafast formation of interlayer excitons,  also strongly influences their long-term dynamics, where a blue shift of the 1s-2p resonance occurs in the nearly aligned hetero-bilayer ( Fig. 3a, for tpp = 50 ps). We suggest that this phenomenon could be caused by lateral quantum confinement of excitons 16 (see also Supplementary Information, section 6). The slight lattice mismatch between WSe2 and WS2 entails a moiré pattern of alternating AA and AB stacking ( Fig. 4d ), which induces a periodic modulation of the potential energy experienced by interlayer excitons 16 ( Fig. 4e ). Owing to their small Bohr radii, the interlayer excitons may be captured in areas with AB stacking as they cool down. The additional quantum confinement could explain the blue shift of the 1s-2p resonance for tpp = 50 ps (Fig. 3a , see Methods).
This effect is even more pronounced in a third, precisely aligned hetero-bilayer with  = 0° ± 2° (see Supplementary Fig. S1e,f) , where the moiré period reaches its largest value of 9 nm, the potential energy modulation is maximal, and interlayer excitons should be created with particularly small center-of-mass momenta owing to the minimum momentum mismatch between intra-and interlayer excitons. Indeed for this structure, the interlayer exciton resonance starts out at a relatively high photon energy of 83 ± 6 meV and does not shift any further for later delay times (see Supplementary Fig. S4a,d ),
suggesting that interlayer excitons may be efficiently captured in confined states already at early delay times tpp. In contrast, the moiré period of 0.6 nm for =27° (see Supplementary Fig. S1g ), which is substantially smaller than the exciton Bohr radius (see Supplementary Fig. S1h ), will not allow excitons to be efficiently captured, as indeed seen in Fig. 3b .
In conclusion, the direct study of interlayer 
In equation (3), is treated in its rotating frame, while Ω( ) is the Rabi frequency and describes the exciting optical pulse, which is modelled as a Gaussian with a FWHM of 100 fs. γ = 2.59 ps -1 and γ = 26.6 ps -1 are the radiative and phonon-induced decay rates, respectively 37 . The first describes the radiative decay of excitons within the light cone. The latter leads to the formation of intralayer excitons as seen in the first term of equation (4) . The second term in equation (4) where T is the temperature, kB is the Boltzmann constant and Z is the canonical partition function. By doing this, the system is ensured to enter a Boltzmann distribution at equilibrium. Here, the K − K′ and K − Λ states have been taken into account as well. This is motivated by our calculations of the binding energies revealing that the 1s-2p transition energy differs by less than 1 meV from that of the K − K state.
Finally, equation (6) To reproduce the densities shown in Fig. 4a,b we integrate over all momenta. Hence we find = 0.90 ∑ , where the factor 0.90 compensates for the bleaching from the 2p states assuming a Boltzmann distribution. The corresponding factor for the intralayer excitons is considerably closer to 1.
In this model, only the tunnelling rate is affected by twisting 37 . In case of 27 ∘ twisting the energyallowed momentum transfers for the K − K transition lie close to those for the K − K′ and K − Λ transitions. As a result the ∑ Γ , rate for 27 ∘ ends up between 0.2 and 0.9 ps .
Estimate of moiré confinement. Here we introduce a perturbative treatment to approximate the influence of the periodic modulation of the potential landscape induced by the moiré pattern. Therefore, 
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